In consideration of low power density of electric excitation claw-pole alternator (EECA) and some difficulties in magnetic field regulation of permanent magnet claw-pole alternator (PMCA), a novel hybrid excitation brushless claw-pole alternator (HEBCA) is proposed in this paper. Its structure and field control principle are described. Three dimensional finite element analysis is used to obtain the no-load magnetic field distributions and field control capability under different field currents. The result shows that the flux of the prototype machine can be adjusted over a wide range with a relatively low field current.
Introduction
The electric excitation claw-pole alternator (EECA) has been used widely in vehicle due to its simple structure, low cost, and easy to regulate. However, the existing of brushes and commutator significantly restrict their further development [1] [2] [3] .
Hybrid excitation claw-pole alternators (HECA) have both permanent magnets (PMs) and field winding, and the two magnetizations sources are concurrent. Therefore, HECA takes the advantages of both the EECA and PMCA. Compared with traditional EECA, HECA has higher efficiency and power density, which makes it a very promising technique in recent years [4] [5] [6] [7] [8] .
In [6] , a hybrid excitation claw pole generator was presented. A cylinder permanent magnet with axial magnetization was placed in the middle of the claw poles. In this generator, the flux created by excitation coils passed through the PM. Since the permeability of PM is close to that of air, the reluctance of the excitation coil's magnetic circuit is relatively high. In [7] , the PMs were placed in the gaps between two claw poles. The PM magnetic field and excitation field came with a parallel connection. However, both the two generators have brush and slip ring, their operation reality is low.
To overcome all these drawbacks, a novel brushless hybrid excitation claw pole alternator (HEBCA) is developed in this paper. Three-dimensional finite element analysis (FEA) is employed to calculate the magnetic field distributions.
The Structure and Principle of HEBCA Fig. 1 (a) presents the structure of HEBCA, including stator core, armature windings, claw poles, excitation bracket, DC excitation windings and permanent magnet. The stator is same as that of the electric excitation claw-pole alternator. The rotor is composed of two claw poles, the cylinder permanent magnet with axial magnetization is placed in the middle of two claw poles. The excitation bracket is fixed on the end closure, and the excitation winding wraps around the excitation bracket. The permanent magnet magnetic field and electric field come with a parallel connection structure.
There are two magnetic sources in the HEBCA, i.e. the PM and excitation current. The magnetic field is generated by both of them. When the excitation current is 0, most of the magnetic flux generated by the PM is closed in the rotor. Only a little gets into the stator, and the air-gap magnetic flux density is low.
When the excitation winding is energized, the magnetomotive force generated by PMs and excitation winding are in opposite direction, and the latter forces the former to get into the stator. The path of the magnetic flux generated by PMs is as follows: PM→claw pole→main air-gap→teeth→stator yoke→teeth→main air-gap→claw-pole→PM, while that of magnetic flux generated by excitation current is: excitation bracket→additional air-gap→pole palm→ claw pole→main air-gap→tooth→stator yoke→tooth→main air-gap→claw-pole→pole palm→additional air-gap →excitation bracket. The two paths are in parallel, and the air-gap magnetic flux increases with the excitation current.
Compared with the ordinary electric excitation claw-pole alternator, this hybrid excitation brushless claw-pole alternator reduces the excitation loss, increases the alternator's power density, and improves the alternator's low speed power characteristic. Furthermore, its excitation winding is stationary, thus the brush and slip ring can be eliminated. So it has good reliability.
The magnetic field regulation for HEBCA
In order to get the accurate magnetic field distribution and evaluate the field regulating performances of the novel hybrid excitation brushless claw-pole alternator, 3-D finite element analysis is performed on a prototype alternator. Fig. 2 shows the FEA model of the HEBCA, and Fig. 3 is the mesh of the HEBCA. Based on the model above, the no-load magnetic field distributions for different excitation currents are calculated, and the distributions of air-gap flux density are shown in Fig. 4 . It can be seen that air-gap flux density is close to zero when the excitation current is 0, and that the air-gap flux density increase with the excitation current. Fig. 5 shows the average no-load air-gap flux density of HEBCA and EECA for different excitation currents. The two alternators have the same stator, excitation winding and rotor yoke. The difference between them is the brushless ones have two additional air gaps. It can be seen from Fig.5 that:
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(2) The average air-gap flux density of the HEBCA is higher than the other alternator when excitation currents are the same.
(3) To generate the same air-gap flux density, the excitation current of the HEBCA is less than the other alternator, thus reduces the excitation loss and temperature rise.
Conclusions
A novel hybrid excitation brushless claw-pole alternator is proposed in this paper. The structure and magnetic field regulation principle are introduced. The no-load magnetic field of the alternator is calculated by 3-D finite element analysis. The following conclusions can be summed up:
(1) The structure of this hybrid excitation improves the air-gap flux density. Compared with the electric excitation claw-pole alternator, the HEBCA has a higher air-gap flux density and power density.
(2) The hybrid excitation brushless claw-pole alternator generates the same air gap flux density with a smaller excitation current than the electric excitation claw-pole alternator, thus reduces the excitation loss and improves the efficiency of the alternator.
(3) The excitation winding is fixed on the excitation bracket, thus eliminates brushes and slip-rings and improves the operation reliability.
